The bulk of the cosmic rays up to about 100 TeV are thought to be accelerated by the 1st order Fermi mechanism at supernova shocks, producing a power-law spectrum. Both electrons and protons should be accelerated, but their ratio on acceleration is not well known. Recently, the EGRET instrument on the Compton Gamma Ray Observatory has observed supernova remnants IC 443 and γ Cygni at GeV energies. On the assumption that the observed gamma-rays are produced by accelerated particles in the remnants (rather than, for example, from a central compact object) we model the contributions due to pion production, bremsstrahlung, and inverse Compton scattering on the cosmic microwave, diffuse galactic radiation, and locally produced radiation fields. We find that a spectral index of accelerated particles close to 2.4, and a ratio of electrons to protons in the range 0.2 to 0.3, gives a good fit to the observed spectra. We discuss the implications of this result for observations at air shower energies, and for the propagation of cosmic rays.
Introduction
Supernova remnants (SNR) are believed to be responsible for accelerating particles to energies of at least 100 TeV (see e.g. Drury 1983 , Blandford & Eichler 1987 , Berezhko & Krymski 1988 , Jones & Ellison 1991 , and a fraction of the accelerated particles would interact within the supernova remnant and produce gamma-rays (Drury, Aharonian, & Völk 1993) .
Recent observations above 100 MeV by the EGRET instrument on the Compton Gamma Ray Observatory have found gamma ray signals associated with at least two supernova remnants -IC 443 and γ Cygni (Esposito et al. 1996) . Further evidence for acceleration in SNR comes from the recent ASCA observation of non-thermal X-ray emission from SN 1006 (Koyama et al. 1995) . Reynolds (1996) and Mastichiadis (1996) interpret the latter as synchrotron emission by electrons accelerated in the remnant up to energies as high as 100 TeV.
In the diffuse galactic background the characteristic π 0 peak at 70 MeV is clearly evident above the power-law contribution dominated by bremsstrahlung which amounts to ∼ 10% at 1 GeV (Hunter 1995) . This peak is not so clearly visible, however, in the spectra of IC 443 and γ Cygni, possibly due to the larger error bars. However, this may instead suggest larger bremsstrahlung and inverse Compton (IC) contributions, and a correspondingly higher electron to proton ratio than in galactic cosmic rays. From detailed modeling of the gamma-ray spectra of IC 443 and γ Cygni it should be possible to determine the relative contributions of π 0 decay, bremsstrahlung, and inverse Compton scattering to these spectra, and thereby to obtain information about the conditions in these sources.
Gamma rays are produced by electrons in bremsstrahlung interactions, and by inverse Compton interactions with the cosmic microwave background (Mastichiadis 1996) , with the diffuse galactic infrared/optical radiation, and with the radiation fields of the remnant itself. Protons produce gamma rays through the decay of neutral pions produced in proton-nucleus collisions. Drury, Aharonian & Völk (1993) calculated the π 0 decay gamma ray flux expected from supernova remnants due to interactions of accelerated cosmic ray nuclei with matter in the remnant. They calculated the expected flux as a function of supernova age and showed that a number of remnants should be detectable above 100 MeV. Mastichiadis (1996) has included synchrotron radiation and inverse Compton scattering on the cosmic microwave background, and shown that synchrotron radiation by directly accelerated electrons is probably responsible for the non-thermal X-rays observed in SN 1006. Mastichiadis also showed that SNR could produce a flux at TeV energies by inverse Compton scattering which is comparable to that predicted for pion production by Drury, Aharonian & Völk (1993) . An important point of the papers of both Reynolds (1996) and Mastichiadis (1996) is that electrons should be accelerated up to 100 TeV energies. Mastichiadis also suggests that the observation of TeV gamma rays from supernova remnants would not, in itself, provide direct evidence of acceleration of nuclei at supernova shocks. Pohl (1996) has also recently suggested TeV gamma-rays from supernova remnants may be of leptonic origin.
In the present paper we consider gamma-ray production by interactions of accelerated nuclei and electrons in IC 443 and γ Cygni taking into account the radiation fields appropriate to each remnant, and find that the spectra due to accelerated electrons and nuclei are very different. We perform a maximum likelihood fit to the gamma ray spectra of IC 443 and γ Cygni to attempt to determine the ratio of electrons to protons, the power-law spectral index, and the average matter density seen by the accelerated particles.
Relative importance of pion production, bremsstrahlung and inverse Compton scattering
Before describing our detailed calculation, we first briefly discuss the general features of the expected π 0 , bremsstrahlung and inverse Compton gamma ray spectra, and make order of magnitude estimates of their relative contributions to the gamma ray flux. The momentum spectrum of particles accelerated by first order Fermi acceleration at a strong shock is expected to be dN/dp ∼ p −2 . Protons accelerated with this spectrum, and interacting within the remnant, will produce a π 0 gamma ray energy spectrum at high energies having approximately the same slope, ∼ E −2 , but with a low-energy turnover at ∼ m π c 2 /2. At high energy, electrons will cool by inverse Compton and synchrotron losses, dE/dt ∝ −E 2 (neglecting, for the moment, scattering in the Klein-Nishina regime). In an equilibrium situation, the ambient spectrum of electrons will be steepened by one power to ∼ E −3 , giving rise to a spectrum of inverse Compton gamma rays proportional to ∼ E −2 . However, as we shall show below, equilibrium is not achieved in IC 443 and γ Cygni.
The cooling time for electrons in a magnetic field is
So, for typical magnetic fields in supernova remnants of the order of the interstellar magnetic field (∼ 3 µG), one finds a cooling time at 100 TeV of ∼ 1.4 × 10 4 years. This time is larger than the age of the supernova remnants we are considering by a factor of two or more. We will therefore assume that the ambient electron spectrum has not achieved equilibrium, and has the same slope as the spectrum on acceleration, i.e. ∼ E −2 (this was also noted by Mastichiadis 1996) . The bremsstrahlung spectrum will have the same power as the electron spectrum, extending to low energy so that bremsstrahlung photons eventually dominate below the π 0 peak even for very small e/p ratios. On the other hand, the inverse Compton spectrum from an E −2 electron spectrum will be ∼ E −3/2 , which is much flatter than the π 0 and bremsstrahlung gamma ray spectra.
We now discuss the relative importance of the various processes to the gamma ray flux based on order of magnitude estimates. The crude approximations discussed below are only used for these order of magnitude estimates, and we use exact formulae for the results we shall present later. We approximate the total proton spectrum (integrated over the SNR) by
, the gamma-ray luminosity from π 0 production is
where σ inel pp is the inelastic proton-proton cross section, ρ ≈ n m p is the average matter density sampled by the protons and Z N π is a spectrum-weighted moment of the momentum distribution of pions produced in proton-proton collisions (Gaisser 1990 ). For α = 2.0, 2.3, and 2.4 respectively, Z N π 0 ≈ 0.16, 0.075 and 0.066. Thus, for α = 2.0
Similarly, we approximate the total electron spectrum by N (E e ) ≡ dN/dE e = a e E −α e electrons GeV −1 . To obtain the bremsstrahlung luminosity, we assume that after an electron of energy E e has traveled one radiation length, X 0 , it is converted into a photon of energy E γ = E e . Hence,
Thus, for α = 2.0,
where E γ is in GeV and n is in cm −3 .
For inverse Compton scattering, we approximate the photon energy after scattering by an electron of energy E e = γm e c 2 by γ 2ε whereε is the mean photon energy of the radiation field under consideration. Provided the Compton scattering is in the Thomson regime (γε ≪ m e c 2 ) this gives an inverse Compton luminosity
where N (γ)dγ = N (E e )dE e , and we obtain
For scattering off the microwave background, we use n ph = 400 cm −3 ,ε = 6.25 × 10 −4 eV, and obtain
where E γ is in GeV and n is in cm −3 . We note that, for an assumed matter density of 1 cm −3 , at 1 GeV the inverse Compton scattering contribution is an order of magnitude larger than the bremsstrahlung contribution, and the relative importance of the inverse Compton scattering contribution increases with energy. In the next two sections we describe the radiation and matter environments of the two SNR, and our accurate treatment of pion production, bremsstrahlung, and inverse Compton scattering.
The environments of IC 443 and γ Cygni
In addition to the microwave background radiation, and the galactic infrared/optical background radiation, the radiation produced locally within the SNR will provide target photons for inverse Compton scattering. The two SNR we consider are at galactocentric radii sufficiently close to that of the Sun that we may use the local infrared/optical radiation field for the galactic background. We adopt the spectrum of Mathis et al. (1983) which is the sum of 6 diluted blackbody spectra and is shown in Figure 1 . The mean photon energy for this spectrum is ε ≈ 0.08 eV, and the total photon number density is n ph ≈ 8.6 cm −3 , giving an energy density of U ph ≈ 0.66 eV cm −3 . Using Equation 7 we can obtain approximately the gamma ray luminosity applicable to the Thomson regime
This is only a factor ∼ 4 lower than that for scattering off the microwave background, and so it is necessary to include this radiation field in an accurate calculation. Lozinskaya (1991) gives an excellent discussion of the supernova remnants IC 443 and γ Cygni. We consider first the remnant IC 443 which is at a distance of ∼ 1.5 kpc, and has an angular diameter of ∼ 45 ′ giving a radius of ∼ 10 pc. The remnant is probably about 5000 years old and is expanding into a very inhomogeneous medium including dense molecular clouds. Most of the remnant has a temperature of ∼ 1.2 × 10 7 K (Petre et al 1988) . Recent measurements by Asaoka and Aschenbach (1994) of the X-ray spectrum indicate two components: ∼ 27 M ⊙ at 1 KeV, and ∼ 6 M ⊙ at 13 KeV. Identifying the swept-up mass with 27 M ⊙ leads to a pre-SNR interstellar density of ∼ 0.3 cm −3 . Petre et al. (1988) measured the X-ray flux in the 2-10 keV range, 6.7 × 10 −11 erg cm −2 s −1 , and a temperature of 1.03 keV. Approximating the spectrum by a thermal bremsstrahlung spectrum, we obtain a total X-ray energy flux of 3 × 10 2 eV cm −2 s −1 . Dividing by the solid angle subtended by the SNR, and multiplying by 4π/c we get an approximation to the X-ray energy density in the remnant of 3 × 10 −3 eV cm −3 . For a mean photon energy ofε ≈ 1 keV, one obtains a photon number density of n ph ≈ 10 −6 cm −3 . Using Equation 7 we can obtain the gamma ray luminosity applicable to the Thomson regime (in this case for E γ ≪ 1 GeV)
At higher energies (where scattering is in the Klein-Nishina regime) the gamma ray luminosity will be much lower. Comparing the flux from inverse Compton scattering on the X-ray emission with that from inverse Compton scattering on the microwave background, we find it to be negligible in IC 433. However, in young supernova remnants the X-ray emission will present a significant target for IC as noted by Reynolds (1996) .
The supernova remnant associated with γ Cygni, G78.2+2.1, is at a distance of ∼ 1.8 kpc, and has an angular size of ∼ 1 • giving a radius of ∼ 16 pc. The remnant is probably about 7000 years old and is also expanding into a very inhomogeneous medium including dense molecular clouds. A dense cloud occupies ∼ 5% of the volume of the remnant and this has been used by to predict the gamma ray flux (see also . We shall return to a discussion of the effects of an inhomogeneous interstellar medium later when we discuss the electron to proton ratio. The X-ray flux obtained by Higgs, Landecker, & Seward (1983) in the 0.2-4 keV range is about 6 × 10 −11 erg cm −2 s −1 , with a temperature of 1.3 keV and ambient gas density of ∼ 0.2 cm −3 . The X-ray intensity is of the same order of magnitude as from IC 433, and so we conclude that inverse Compton scattering on the X-rays in γ Cygni, and other old SNR, will not make an important contribution to the gamma ray flux.
A major component of the radiation field of SNR is the infrared emission due to shock heated dust. For both sources, Saken, Fesen, & Shull (1992) provide infrared spectra obtained with the IRAS satellite. We use their two-temperature model fits to represent the radiation field in the infrared. We have used the solid angle subtended by each source to obtain the energy density from the intensity. In IC 443 the mean photon energies, number densities, and energy densities of the two diluted blackbody components are:ε ≈ 0.008, 0.04 eV; n ph ≈ 18.4, 11.8 cm −3 ; U ph ≈ 0.15, 0.51 eV cm −3 . In γ Cygni the mean photon energies, number densities, and energy densities of the two diluted blackbody components are:ε ≈ 0.009, 0.025 eV; n ph ≈ 37.3, 6.2 cm −3 ; U ph ≈ 0.32, 0.15 eV cm −3 . In both cases the infrared photon densities exceed the diffuse Galactic infrared photon densities, and so inverse Compton scattering of locally produced infrared photons could make a substantial contribution to the total inverse Compton flux. The total radiation field we adopt is shown in Fig. 2(a) for IC 443 and in Fig. 2(b) for γ Cygni, and in each case we show the contributions of the diffuse background and the locally produced radiation. The IRAS data (Saken, Fesen, & Shull 1992 , Mufson et al. 1986 ) are also shown.
Accurate treatment of pion production, bremsstrahlung and inverse Compton scattering
For interactions with matter we assume standard interstellar composition. For proton interactions we use the event generator TARGET (Gaisser, Protheroe & Stanev 1983) in its proton target version. TARGET, which has been extensively tested in numerous applications, represents correctly the proton interaction cross sections and the secondary particles spectra starting at the pion production production threshold. At energies above 100 GeV the interaction cross section has a ln 2 s behavior for proton-proton interactions. At total proton energy below 2.5 GeV TARGET
generates only ∆ resonances. The output of this part of the code was compared with the results of Dermer (1986) and is in good agreement.
In the case of bremsstrahlung, yields are calculated for fully ionized matter for which the cross-section is strongly energy dependent. We use the expressions of Koch & Motz (1959) with form factors for hydrogen and helium adjusted to represent the more precise values of Tsai (1974) . The cross-sections for fully ionized matter are calculated with the bremsstrahlung formulae valid in the absence of screening by the atomic electrons. These cross sections are given by Protheroe, Stanev, & Berezinsky (1995) .
For inverse Compton scattering we use the Klein-Nishina cross section (Jauch & Rohrlich 1976) to calculate the mean free path and to treat the interactions. We perform an exact Monte Carlo simulation of interactions as described by Protheroe, Mastichiadis & Dermer (1992) to build up distributions of secondary electrons and photons arising from interactions of electrons of a given energy with blackbody radiation of given temperature.
Results and comparison to experimental data
We assume the momentum spectrum of accelerated particles is of the form dN dp
so that the energy spectrum is
where E = (p 2 c 2 + m 2 c 4 ) 1/2 . At high energies (E ≫ m p c 2 ) the energy spectrum of protons is just dN p /dE ≈ a p E −α GeV −1 , which gives the total number of protons per unit energy at the supernova remnant. Similarly, for electrons at high energies (E ≫ m e c 2 ) the energy spectrum is dN e /dE ≈ a e E −α GeV −1 . We define the electron to proton ratio as R e ≡ a e /a p . We calculate gamma ray emissivities for π 0 production, bremsstrahlung, and inverse Compton scattering in the radiation fields appropriate to each SNR for the case where a p /V = 1 GeV −1 cm −3 (V is the volume of the region where the accelerated particles are located), R e = 1, and a nucleon density of n = 1 cm −3 . The emissivities are calculated for each process for a range of α, assuming n = 1 cm −3 , R e = 1, and a radiation field analogous to Fig. 2a (IC 443) . The emissivity,
γ , is shown in Fig. 3 for α = 2. With the exception of the local infrared radiation field (short dashes in Fig. 3) , and neglecting the small differences of the galactic infrared background as a function of the galactocentric distance, this emissivity spectrum is universal for SNR in the Galaxy (with suitable scaling of π 0 and bremsstrahlung emissivity with matter density) on the assumption that supernova remnants accelerate charged particles with a p −2 spectrum, and that the electrons have not yet reached equilibrium. The main feature of the emissivity spectrum is the dominance of the inverse Compton scattering (as already expected from Eq. 7) with its very flat spectrum.
It is instructive to follow the scaling of the emissivities of different processes with the supernova remnant parameters. The relative contribution of IC scales up or down only with the electron to proton ratio. In the vicinity of E γ = 1 GeV the electron to proton ratio has to be of order of 0.01 for the IC scattering on the microwave background not to exceed the π 0 contribution for a matter density of 1 nucleon cm −3 . The π 0 contribution scales only with the matter density. Alternatively, if the matter density is very high, ∼ 100 nucleons cm −3 one can supress the IC contribution relative to the bremsstrahlung and π 0 contributions. For such high densities, more than two orders of magnitude higher than the average densities expected from the mass of the ejecta (Lozinskaya 1991) , the contribution of bremsstrahlung, which is proportional both to matter density and to the electron to proton ratio, will dominate.
It follows from Fig. 3 that under the conditions of the current calculation one would not expect that the secondary γ-ray spectra will match the spectra of the accelerated protons and electrons for matter density less than ∼ 100 nucleons cm −3 . In addition, the possible existence of a π 0 'bump' in the γ-ray spectrum requires an electron to proton ratio of less than 1.
We define Q π 0 , Q brem 0 , and Q IC 0 to be the gamma ray emissivities (cm −3 s −1 GeV −1 ) for pion production, bremsstrahlung, and inverse Compton scattering calculated for A ≡ a p /V = 1 GeV −1 cm −3 , R e = 1, and n = 1 cm −3 . Then the gamma ray flux observed at Earth, a distance d from the SNR, is given by
where n 1 ≡ n/(1 cm −3 ), n is the nucleon number density in the region of the SNR containing the accelerated particles, and A 1 ≡ A/(1 GeV −1 cm −3 ). We perform a maximum likelihood fit to the EGRET data (Esposito et al. 1996) for each SNR with the following free parameters: electron to proton ratio R e , particle spectral index α, R e /n 1 , and the overall normalization
which has units cm GeV −1 . Formally a three parameter maximum likelihood fit was performed on the EGRET data sets, including the two upper limits in each of the observations, for a set of values of α extending from 2.0 to 3.1. The best value of the maximum likelihood probability L was plotted versus α and the most probable α (that with the highest L) was chosen. Fig. 4 shows the fitted spectrum for the supernova remnant IC 443. The upper limits on the VHE γ rays from IC 443 obtained by the Whipple observatory (Lessard et al. 1995) and from the HEGRA array (Prosch et al. 1995) are also shown in Fig. 4 , and seen to be fully consistent with the fit, even though they were not used in the fit. Upper limits from the CYGNUS (Allen et al. 1995) and CASA (Borione et al. 1995) arrays at ∼ 100 TeV (not plotted) are also consistent with our results.
The fit gives α = 2.32± 0.14 0.11 . The errors are calculated from the values of α at which ln L = ln L 0 − s 2 /2, where L 0 is the best fit value of the likelihood function L, and s is the number of standard deviations (s = 1 to give 1σ errors). The overall normalization gives B = 4.0 × 10 8 cm GeV −1 . The electron to proton ratio corresponding to this value of α is R e = 0.16± 0.29 0.08 . The best fit value of R e /n 1 is ∼ 10 −4 , with very large error bars because the emission is dominated by π 0 production and bremsstrahlung. Thus, we can not reliably give the matter density since the fit requires a very high density only to make the IC component negligible. This also prevents us from obtaining a reliable estimate of the cosmic ray density at the source. Fig. 5 shows a similar fit for γ Cygni. The best α value is α = 2.42± 0.09 0.07 , which gives an electron to proton ratio of R e = 0.16± 0.14 0.08 , and a similar value of R e /n 1 to IC 443. The overall normalization gives B = 10 9 cm GeV −1 . The VHE limits are from Whipple (Lessard et al. 1995) and from HEGRA (Prosch et al. 1995 , Willmer et al. 1995 and are again fully consistent with the fit, as are the limits from the CYGNUS (Allen et al. 1995) and CASA (Borione et al. 1995) .
We can get some useful information from the overall normalization constant B ≡ n 1 A 1 V /4πd 2 which, given that we know d gives us the product of n, N p (p = 1 GeV/c)/V , and V . The total energy content of a spectrum of the form of Equation 11 with α = 2.32 and a p = 1 is ≈ 3 GeV. Thus for IC443 at a distance of 1.5 kpc the normalization B = 4.0 × 10 8 cm GeV −1 requires a total energy in accelerated protons of
where n is the number density of gas in the region where the accelerated particles are located. The corresponding value for γ Cygni is a factor of 3 higher. Alternatively, we can obtain an estimate of the total mass in the region where the accelerated particles are located as a function of the energy density in accelerated particles
for IC443 and a factor 3 higher for γ Cygni.
Conclusions
The fit requires a very high matter density in order to suppress the IC contribution to the γ-ray flux which is much flatter than the observed spectrum. The SNR G78.2+2.1 associated with γ Cygni was tentatively identified with the COS-B source 2CG78+01 . A cloud of density ∼ 300 cm −3 occupies ∼ 5% of the volume of the remnant, and this density has been used by in predicting GeV gamma ray fluxes. also discussed this association and point out that the emission may extend to TeV energies. At radio frequencies, most of the emission comes from the SE part of the remnant (Higgs, Landecker, & Roger 1983) , and this appears to coincide also with a region of exceptionally high 90 µm intensity, and a molecular cloud near the rim of the remnant, implying that this region may be the source of the gamma ray emission. A density of ∼ 300 cm −3 is comparable with the densities that come from the maximum likelihood fits. However, the fitted density is the density averaged over the region where the accelerated particles are located, and so this value may be unrealistically high unless acceleration is taking place only close to such a massive high-density cloud. This might occur at massive clouds interacting with the SNR shock.
Another way to look at the numbers for γ Cygni is to note that the energy in cosmic rays required in a region with density 300 cm −3 is 5 × 10 48 erg. If this high density occupies 5% of the volume of the SNR then the total energy density in cosmic rays, assuming them to be uniformly distributed, is ∼ 10 50 erg, approximately 10% of the initial kinetic energy of the ejecta of a typical supernova.
There are, however, other possible explanations for the very high matter densities preferred by the maximum likelihood fit. For example, steepening of the electron spectrum relative to the proton spectrum would steepen the flat IC spectrum which is driving the fit to high densities. To produce 10 GeV photons (the highest energy photons influencing the fit to the EGRET data) by IC on the microwave background requires electrons of energy ∼ 2 TeV. Using Eq. 1, we see that to get significant steepening of the electron spectrum at 2 GeV during the age of the remnant (5000 -7000 years) would require a magnetic field ∼ 30 µG. Although such a field is significantly higher than in the interstellar medium, such fields may occur during super-Alfvenic collapse of interstellar clouds, and are also possible if particle acceleration is taking place at a supernova shock in strongly magnetized stellar wind cavity (Biermann 1995) . In this case, the electron spectrum would be steeper than the proton spectrum, and the maximum likelihood fit to the EGRET observations would give more reasonable matter densities. In a future paper we plan to investigate this possibility by using an evolved electron spectrum appropriate to the supernova age and various possible magnetic fields. However, we do not expect the predicted fluxes of photons at TeV and 100 TeV energies to decrease significantly because the π 0 contribution will change little.
An electron source spectrum with α ∼ 2.4 is favored by a comparison of recent cosmic ray electron propagation calculations with direct cosmic ray electron observations above ∼ 10 GeV (Strong et al. 1994 , Strong & Youssefi 1995 , Porter & Protheroe 1996 . However, source spectra as flat as E −2 are possible (Aharonian, Atoyan, & Völk 1995) if the distance to the nearest source is ∼ 100 pc or more. The spectra of the two SNR observed by EGRET show no sign of flattening at, or below, 100 MeV, indicating the presence of a steep spectral component due to bremsstrahlung. The fits for both SNR give ambient electron spectra with spectral index ∼ 2.3 − 2.4 in the cosmic ray sources. (Note however, that if the interactions are taking place with neutral matter, such as that in a molecular cloud, then the cross sections we have used for bremsstrahlung in ionized matter would be inappropriate, and the bremsstrahlung spectral index could be steepened by as much as ∼ 0.1 which would have the effect of flattening the fitted particle spectrum index by a comparable amount.) Provided the spectra have not had time to evolve (as we assume here), this index reflects the spectrum on acceleration, and also the source spectrum of electrons which would eventually diffuse away from the SNR as cosmic ray electrons.
The implications of such a steep spectrum on acceleration, if our analysis is confirmed, are widespread. For example, such a source spectrum for cosmic ray nuclei would require a confinement time in the galaxy, and hence a diffusion coefficient for cosmic ray propagation, proportional to ∼ E 0.3 rather than ∼ E 0.7 which is usually assumed based on cosmic ray secondary to primary ratios (note that a Kolmogorov spectrum actually predicts a diffusion coefficient proportional to E 1/3 , see also Ptuskin et al. 1993, and Biermann 1995) . Such a diffusion coefficient is also favored by reacceleration models (Heinbach & Simon 1995) .
Following the EGRET observation of IC 443 and γ Cygni it was anticipated, based on an E −2 extrapolation of the observed flux, that these sources should be observable with the CASA and CYGNUS arrays. Observations by these arrays (Borione et al. 1995 , Allen et al. 1995 have ruled out such an extrapolation, in agreement with our steeper fitted spectrum.
In conclusion, we have modeled the gamma ray emission of IC 443 and γ Cygni assuming a power-law momentum spectrum of electrons and nuclei in the SNR and included inverse Compton scattering on all relevant radiation fields, bremsstrahlung, and pion production. The result of fitting our predictions to the EGRET data show that: (a) the dominant contributions come from bremsstrahlung and π 0 decay; (b) an electron to proton ratio of ∼ 0.1-0.3 is required; (c) a spectral index of α ∼ 2.4 is required; a very high, but uncertain, average matter density is required if the electron spectrum has the same spectral index as the proton spectrum (matter densities as high as ∼ 300 cm −3 are present in molecular clouds associated with these SNR). We note that at 1 GeV the bremsstrahlung contribution is ∼ 40%, somewhat higher than the ∼ 10% obtained from a fit to the diffuse galactic gamma ray intensity (Hunter 1995) , which is probably lower due to the effects of cosmic ray energy losses during propagation which are different for electrons and nuclei. ) showing contributions from interstellar infrared/optical plus microwave (dashed line) and two-temperature fit to infrared spectra (Saken, Fesen, & Shull 1992 ) (dotted curve) and recent data for (a) IC 443 (data from Mufson et al. 1986 ) and (b) γ Cygni (data from Saken, Fesen, & Shull 1992 ). -Gamma ray emissivity at IC 443 produced by particles (electrons and protons) with momentum spectrum dn/dp = p −2 cm −3 GeV/c −1 interacting with interstellar matter with nucleon number density 1 cm −3 and with interstellar (IR/O) and cosmic microwave radiation fields of Figure 1 : dot-dash curve -π 0 production; solid curve -bremsstrahlung; long dashes -inverse Compton on interstellar (IR/O); short dashes -inverse Compton on Infrared radiation at IC 443; dotted curve -inverse Compton on microwave. Whipple (Lessard et al. 1995) and HEGRA upper limits (Prosch et al. 1995) are not included in the fits. The other curves have the same meaning as in Fig. 3 . Whipple (Lessard et al. 1995) and HEGRA upper limits (Prosch et al. 1995 , Willmer et al. 1995 are not included in the fits. The other curves have the same meaning as in Fig. 3 .
